ABSTRACT Using large samples containing nearly 2300 active galaxies of low radio luminosity (1.4 GHz luminosity between 2 × 10 23 and 3 × 10 25 W/Hz, essentially low-excitation radio galaxies) at z 0.3, we present a selfcontained analysis of the dependence of the nuclear radio activity on both intrinsic and extrinsic properties of galaxies, with the goal of identifying the best predictors of the nuclear radio activity. While confirming the established result that stellar mass must play a key role in the triggering of radio activities, we point out that for central, most massive galaxies, the radio activity also shows a strong dependence on halo mass, which is unlikely due to enhanced interaction rates in denser regions in massive, cluster-scale halos. We thus further investigate the effects of various properties of the intracluster medium (ICM) in massive clusters on the radio activities, employing two standard statistical tools, Principle Component Analysis and Logistic Regression. It is found that ICM entropy, local cooling time, and pressure are the most effective in predicting the radio activity, pointing to the accretion of gas cooling out of a hot atmosphere to be the likely origin in triggering such activities in galaxies residing in massive dark matter halos. Our analysis framework enables us to logically discern the mechanisms responsible for the radio activity separately for central and satellite galaxies.
1. INTRODUCTION The cause of the nuclear radio activity in galaxies has long been a unsolved problem in astrophysics (e.g., Tadhunter 2016) . With the advent of large scale surveys such as NRAO VLA Sky Survey (NVSS; Condon et al. 1998) , Faint Images of the Radio Sky at Twenty-Centimeters (FIRST; Becker et al. 1995) , and Sloan Digital Sky Survey (SDSS; York et al. 2000) , it was clearly shown that the fraction of galaxies that are radio-loud (above certain luminosity threshold P th ) 4 is a strong function of stellar mass (e.g., Best et al. 2005a; Pasquali et al. 2009 ), and it is expected that the radio-loud phase is quite common in the course of the formation of massive galaxies (e.g., Heckman & Best 2014) . Indeed, in the current generation of galaxy formation models, feedback from radio jets emanating from the central super massive black hole (SMBH) has been incorporated as an important mechanism for keeping massive galaxies "red-and-dead" (e.g., Croton et al. 2006; Bower et al. 2006 ; see also McNamara & Nulsen 2007) . How a very tight feedback loop can be maintained when the physical scales involved span 10 orders of magnitude remains a deep mystery (Fabian 2012) , however.
Occupying the most massive end of the galaxy population, the brightest cluster galaxies (BCGs) are found to exhibit the highest radio active fraction (RAF, defined to be the fraction of galaxies selected with some specified stellar mass or optical luminosity range with radio luminosity P ≥ P th , and, where necessary and possible, also certain specified halo mass range; RAF is about 30-40% with log P th = 23 for BCGs in clusters at 1.4 GHz; e.g., Lin & Mohr 2007; Best et al. 2007 ; von der ; here P is in unit of W/Hz). It is long observed that their nuclear radio activity cannot be solely attributed to the high stellar mass, however, as their proximity to the center of galaxy clusters clearly plays important roles in triggering the radio active galactic nuclei (AGN). For example, Lin & Mohr (2007) find that, compared to cluster galaxies of comparable stellar mass content (as traced by the near-IR luminosity), BCGs are more likely to be radio loud. It is also found that the spatial distribution of non-BCG member radio galaxies is highly concentrated towards the cluster center. Both of these results indicate that galaxies in the central region of clusters have an enhancement of nuclear activity. It is thus crucial to investigate both the effects of environments and internal properties of the galaxies on triggering SMBH activities.
It is suggested that the AGN population can be divided into two main categories, primarily based on the configuration of the central engine: a radiation dominated class (the so-called "radiative mode"), and a mechanical power dominated class (the "jet-mode") (e.g., Ho 2008; Heckman & Best 2014) . These roughly correspond to systems of high and low accretion rates onto the central SMBH, and therefore could be triggered by different physical mechanisms. While radio-loud objects are found in both classes, the jet-launching mechanisms are likely different (Heckman & Best 2014; Tadhunter 2016 , and references therein). To understand the phenomenology of radio-loud AGN, in addition to the central engine, one also needs to consider the properties and environments of the host galaxies (e.g., Lin et al. 2010) . In this paper, we shall focus on low-power (e.g., 1.4 GHz luminosity log P ≤ 25.5) populations of radio AGN, which are overwhelmingly dominated by jet-mode/low-excitation systems (e.g., Best & Heckman 2012; Janssen et al. 2012) , as they represent the majority of the radio AGN in the local Universe.
The goal of the present study is to seek the key physical arXiv:1803.02482v1 [astro-ph.GA] 7 Mar 2018
properties, both intrinsic and extrinsic to galaxies, that are most closely linked to the triggering mechanism of the radio activity in the nucleus. In addition to stellar mass and host halo mass, we shall also consider environmental factors such as local galaxy density and, for galaxies residing in clusters, properties of the intracluster medium (ICM). If such a link could be established with high statistical significance, we may be in a better position in identifying the most likely scenario among competing theoretical models (e.g., the precipitation model of Voit et al. 2015 , the stimulated feedback model of McNamara et al. 2016 ) that aim to explain the radio AGN phenomenon.
There have been many studies attempting to discern the primary cause(s) of low-power nuclear radio activity. For example, Cavagnolo et al. (2008) clearly demonstrate that radio emission is much more pronounced in BCGs when the entropy of the ICM in the cluster center is lower than some threshold value. Using a sample of 64 nearby clusters, Mittal et al. (2009) examine various correlations between the radio luminosity of BCGs and cluster properties, finding a strong indication for the central cooling time of ICM to play an important role (see also Ineson et al. 2015; McNamara et al. 2016) . These results suggest the importance of gas cooling out of hot atmosphere/ICM surrounding the galaxies. Extending the host dark matter halo mass range to include lower mass systems, Pasquali et al. (2009) examine the RAF as a function of both stellar and halo mass, finding a dominant stellar mass dependence over that on halo mass. Sabater et al. (2013) find that, at fixed stellar mass, both dense environments and galaxy interactions enhance the likelihood of a galaxy being radio-loud.
For our investigation, we find it useful to separate galaxies into two classes: central and satellite. Central galaxies are located close to the bottom of potential well of dark matter halos, and can grow in stellar mass via mergers with galaxies brought in by the dynamical friction, as well as by star formation due to (residual) cooling instability of the ICM. Satellites, on the other hand, refer to all non-central galaxies in a galactic system; they are likely once central galaxies in their own dark matter halos before their halos get accreted/merged with the current halo. In this picture, BCGs are central galaxies in massive clusters. Given their different locations inside galactic systems, it is plausible that the triggering mechanisms for central galaxies may be different from that for the satellites.
In this work we develop a framework of analysis that allows us to investigate the relative importance of various physical properties on the nuclear radio activity. The analysis is carried out separately for central and satellite galaxies. Using a large sample of radio galaxies associated with galactic systems that span a wide range in halo mass, we point out in Section 2 that while for both central and satellite galaxies, stellar mass is a key predictor for radio activity, halo mass also plays an important role, particularly for the central galaxies. Then in Section 3, utilizing a cluster sample with detailed measurements of the ICM properties, we use robust statistical methods to point out that entropy, local cooling time, and pressure play the most significant role for the triggering of radio activities. We conclude with a discussion on future prospects in Section 4.
Throughout this paper we adopt a WMAP5 (Komatsu et al. 2009 ) ΛCDM cosmological model, where Ω m = 0.26, Ω Λ = 0.74, H 0 = 100h km s −1 Mpc −1 with h = 0.71. All optical magnitudes are in the AB system.
IMPORTANCE OF HALO MASS, STELLAR MASS, AND LOCAL

GALAXY DENSITY
In the first part of our analysis, we investigate the role of host galaxy stellar mass (M * ), dark matter halo mass (M h ), and local galaxy density (Σ) in triggering nuclear radio activity, using the radio galaxy (RG) population in groups and clusters found in SDSS. After describing the construction of our RG sample, we examine the dependence of RAF on these three physical properties, obtaining a qualitative picture from the global trends (Section 2.1); we then quantitatively compare the relative importance of these physical attributes via a logistic regression (LR) analysis (Section 2.2).
Our group and cluster sample is taken from the Data Release 7 (DR7) version of the group catalog of Yang et al. (2007) . By assuming a one-to-one relationship between the halo mass and the total luminosity (or stellar mass) content of galaxy groups, Yang et al. (2007) are able to "assign" a halo mass to every galactic system they spectroscopically identify in SDSS (using essentially a matched-filter algorithm), down to single-galaxy systems. For every galaxy group, they then designate the most massive galaxy closest to the geometric mean of member galaxy positions as the central galaxy; the rest are regarded as satellites. We adopt their central/satellite designation in this study. We compute the stellar mass and absolute magnitudes of all member galaxies using the kcorrect code (Blanton & Roweis 2007) .
The RG sample used in this Section is based on two large RG catalogs: one is that of Lin et al. (2010, hereafter L10) , which covers the footprint of SDSS DR6 and is available in Table A1 , the other is taken from Best & Heckman (2012) , covering DR7. Both studies cross match SDSS galaxy samples with 1.4 GHz radio source catalogs from NVSS and FIRST, largely following the methodology outlined in Best et al. (2005b) . To ensure the radio sources are powered (primarily) by an active nucleus, a combination of diagnostics is used to select RGs, including the BPT diagram (Baldwin et al. 1981) , and the distributions of objects in the 4000 Å vs. radio power, and Hα vs. radio power planes (see modifications discussed in Best & Heckman 2012) . We refer the reader to the original references for detailed descriptions of the ways these catalogs are constructed; here we only point out two features that distinguish the L10 approach from the Best et al. algorithm. First, we start with a parent galaxy sample with z ≤ 0.3 and M 0.1 r ≤ −21.27 (i.e., more luminous than the characteristic magnitude in the galaxy luminosity function; Blanton et al. 2003 . Here M 0.1 r denotes the SDSS r-band shifted blueward by a factor of 1.1 in wavelength) from the New York University Value-Added Galaxy Catalog (Blanton et al. 2005) . Selecting RGs with a uniform absolute magnitude limit makes it straightforward to compute the RAF in volume-limited galaxy samples. On the other hand, Best et al. consider matches to a flux-limited radio source sample, and therefore some radio-loud galaxies may be missed. Second, we have visually inspected all potential matches to improve the purity, and to combine fluxes from distinct components for complex, extended sources.
To construct the parent RG sample, we use all the objects from the L10 sample; in areas unique to DR7, we then use the Best & Heckman (2012) sample. We further restrict ourselves to galaxies satisfying z ≤ 0.15, M 0.1 r ≤ −21.57, and 23.3 ≤ log P 1.4 ≤ 25.5 (P 1.4 being the 1.4 GHz radio luminosity in W/Hz) to make the sample volume-limited in both optical and radio luminosities; these criteria also make our Figure 1 . The distribution of our RG sample in the redshift-radio luminosity plane. Our main galaxy sample, volume-limited to z = 0.15, is represented by the union of red and blue-colored points, while the z ≤ 0.092 volume-limited sub-sample is shown as blue points (see Table 1 ). sample insensitive to the differences in the selection methods between L10 and Best & Heckman (2012) . Our selection essentially produces a low-excitation radio galaxy (LERG) sample, as only about 3% of our RGs show strong enough [O III] emission line to be classified as high-excitation radio galaxies (following the definition of Ching et al. 2017a , that is, the line is detected at ≥ 3σ, and has equivalent width > 5 Å). Our results do not change if we were to use the LERGs instead of a radio luminosity-selected sample. Our final sample consists of 2261 RGs (see Figure 1 for the distribution of our sample on the redshift-radio power plane). Matching these to the 118638 members in the 97469 galactic systems from Yang et al. (2007) , we find that there are 1861 and 360 radio-loud central and satellite galaxies, respectively (see Table 1 ). For halo mass we adopt the stellar mass ranking-based one from Yang's catalog (specifically, we use M h = M 200b , the mass enclosed in r 200b , within which the mean overdensity is 200 times the mean density of the Universe).
2.1. Global Trends of Radio Active Fraction We show in Fig. 2 the dependence of RAF f (M * , M h ) in the host galaxy stellar mass vs. host group/cluster mass plane, for central (top) and satellite (bottom) galaxies. Here the RAF is the ratio of number of RGs to that of all galaxies in a given (M * , M h ) bin. The widths of the two dimensional bins are chosen such that most of them contain at least 5 RGs, while small enough to reveal global trends with M * or M h . Our results do not sensitively depend on the choice of bin widths. It can be seen that the RAF dependence is different for centrals and [ 2043, [ 192, [ 1413, [ 669, [ 147, Figure 2. The dependence of RAF, defined as the ratio of number of RGs to that of all galaxies in a given (M * , M h ) bin, on dark matter halo mass and stellar mass for central (top panel) and satellite (bottom panel) galaxies, based on our main sample. It is apparent that the RAF depends on both halo mass and stellar mass for central galaxies; for satellites, the RAF is primarily dependent on stellar mass. In each (M h , M * ) bin, the number in the lower right corner denotes the number of all galaxies, while the one in the upper left corner is the number of RGs.
satellites, in the sense that while satellite RAF is primarily a function of stellar mass (with only weak dependence on halo mass), both stellar mass and halo mass matter for centrals. Our result is consistent with the findings of Pasquali et al. (2009) , who also study the stellar mass and halo mass dependence of RAF in groups and clusters identified by Yang et al.
(although they have combined centrals and satellites in their analysis on RGs). Both the group/cluster and the RG samples we use are of much larger sizes compared to those used by Pasquali et al. (2009) . Our RG sample selection is also better defined (in terms of radio flux limit, optical luminosity threshold, and visual inspection for completeness and purity). Both of these factors make our results more statistically significant. The trend we see in Fig. 2 may be partially driven by the intrinsic correlation between stellar mass and halo mass for central galaxies (e.g., Yang et al. 2007; Mandelbaum et al. 2016) . To examine how much radio activity is caused by halo mass-dependent physical processes additional to the stellar mass-halo mass relation, at fixed stellar mass, we sum the RAF values over all halo mass bins, then normalize the RAF by that sum; in short, the normalized RAF isf (
Fig . 3 shows the normalized RAF for both central and satellite galaxies. There is still a dependence on halo mass after the effect of the stellar mass-halo mass relation is removed. Fitting a linear relation between the normalized RAF and log- At fixed stellar mass, the normalized RAF is positively correlated with halo mass, for both central and satellite galaxies. While by definition, at fixed stellar mass, the normalized RAF sums up to unity, it is not meaningful to look for variation along stellar mass axis at fixed halo mass.
arithm of halo mass for each of the stellar mass bin, we find that all the slopes are positive. To compute the uncertainties in the slope of the normalized RAF-halo mass fits, we generate 1000 bootstrap resampling and repeat the fitting process. The halo mass dependence of the normalized RAF is highly significant (> 3σ) for all but the most massive central galaxies (with the latter being at 2σ level, which is likely due to small number statistics). The above exercise is repeated for satellite galaxies. Again we find the normalized RAF is positively correlated with halo mass at high significance.
We have thus established that the radio activity strongly depends on the halo mass the galaxies reside in. This is consistent with the findings of some recent studies (e.g., Mendez et al. 2016; Shen et al. 2017) ; for example, Ching et al. (2017a) find that LERGs are found in higher mass halos than a control sample of radio-quiescent galaxies, indicating the importance of halo mass in triggering radio activity. As the fueling of SMBHs takes place at a scale much smaller than that of a dark matter halo, we seek to find out what it is in massive halos that promotes the radio activity. The possibilities include elevated rates of galaxy interaction, and the properties of ICM.
In Fig. 4 we show the RAF dependence in the local galaxy density Σ 5 vs. halo mass plane. Here Σ 5 is the surface density over an area containing the fifth nearest neighbor (also satisfying M 0.1 r ≤ −21.57 and velocity difference ≤ 1000 km/s), using spectroscopic redshifts from SDSS; it is a popular esti- Figure 4. The dependence of RAF on dark matter halo mass and local galaxy density, Σ 5 , for central (top panel) and satellite (bottom panel) galaxies. The RAF is largely independent of the local density. We note that the galaxy sample used here is primarily composed of luminous galaxies (all in our main sample), and thus the local density measurements may not be representative, however (see Fig. 5 ). The meaning of the numbers in each of the (M h , Σ 5 ) bins is the same as in Figure 2 . mator of local density as it is related to the dark matter halo density (Sabater et al. 2013) . Our conclusions remain unchanged if we use the density constructed with third nearest neighbor, Σ 3 . There are hints of a weak dependence on the local galaxy density, although the dependence does not seem to be monotonic with respect to Σ 5 . We note that, however, the selection of neighbors is limited to very luminous galaxies, which would bias us against effects of minor mergers or interactions with less massive companions. We have thus repeated the exercise with a different volume limited sample (out to z = 0.092, with the same radio luminosity range, see 
, to remove the potential correlation between halo mass and local galaxy density. The results are presented in Figure 5 . Compared to the trends shown in Figure 4 , for central galaxies in high mass halos (M h ≥ 10 14 h −1 M ), the effects of the local density on the RAF appears to be weakened. The effect of the local density on satellites is more apparent, although we note the significance of the result is hampered by the small number of RGs, especially in densest regions (at Σ 5 > 100h 2 Mpc −2 , we only have 4 − 7 RGs in each cell). For more quantitative assessment of the importance of the local galaxy density, we shall employ the LR analysis in the next section. Fig. 3 , here the RAF is normalized by fixing the halo mass. The galaxy sample used here is volume-limited to z = 0.092 (see Table 1 ), different from that used in Fig. 4 , as we would like to include lower luminosity galaxies in the calculation of Σ 5 . It can be seen that while the satellite RAF depends on the local density, this does not seen to be the case for centrals. The meaning of the numbers in each of the (M h , Σ 5 ) bins is the same as in Figure 2 .
Quantitative Analysis with Logistic Regression
We have shown that the RAF strongly depends on both M * and M h , with some hints of dependence on the local galaxy density. Here we turn to LR as an independent way of evaluating the importance of these physical quantities on the radio activity of a given galaxy population. We simplify the radio activity into an "on" or "off" state (i.e., when the radio luminosity is within the adopted luminosity range or not), which allows us to transform the question into a classification problem, making the LR an appropriate analysis tool. Equivalently, we are then asking: which of these physical properties are most predictive of the radio activity?
The goal of a regression analysis is to study the relationships between a response variable Y and an array of m (≥ 1) regressors X = (X 1 , ...X i , ...X m ) in a specified functional form Y = f (X) + . In our case, the response variable Y is a binary, taking values of Y = 1 for radio-loud and Y = 0 for radioquiescent. 5 The regressors considered here are M * , M h and Σ 5 (or Σ 3 ). We apply the standard LR model as the following: 
5 Strictly speaking, as our RGs are selected to have log P 1.4 = 23.3 − 25.5, more powerful RGs would have Y = 0 and so this state should be understood as the complement of the "low-power" state.
where Pr(Y = 1|X) stands for the probability of a galaxy to be in the radio-loud state given its physical parameters X, and represents random observational error. Given the observational data of n galaxies (x 1 , y 1 ), (x 2 , y 2 ), ..., (x n , y n ) as input, we fit Eq. (1) using the bestglm package in R and derive the best fit model parametersβ 0 , andβ = (β 1 , . . . , β m ). A larger |β i | indicates a stronger effect of the regressor X i on Y . It can be seen that if β i = 0, X i does not have any effect on the final value of Pr(Y = 1|X). Conventionally, the statistical significance level of regressor X i 's effect on Y is characterized via the z-value, defined as the ratio of estimatedβ i to its standard error; a larger |z| implies stronger evidence against the null hypothesis of β i = 0. Under the assumption that β i is asymptotically Gaussian, there is a direct link between the z-value and p-value on the hypothesis test of whether β i = 0 or not. A p-value of 0.05 corresponds to a 95% confidence interval for β i not overlapping with zero.
Aiming at selecting a model with predictors (regressors) that are truly associated with nuclear radio activity, we apply the best subset selection method to identify the best model. Generally, a model involving more regressors has more degrees of freedom to fit the data well, but may suffer from overfitting. On the other hand, a model with fewer regressors is more stable, but may lose its power to predict the behavior of Y given all the available information. The best subset selection method identifies the best model (among all 7 possible regressor combinations of M * , M h , and Σ) as the one that minimizes the Bayesian Information Criterion (BIC), defined as
where RSS is the residual sum of squares, d denotes the number of predictors used in the model, n is the total number of galaxies, andσ 2 is an estimate of the variance of observational error shown in Eq. (1). The minimum of BIC is reached by balancing the goodness of fit (RSS) and the degree of freedom d.
After the best model is identified, we can then evaluate the z-and p-values for each of the predictors in the best model. As mentioned above, the local density calculation for the z ≤ 0.15 sample is based on luminous galaxies, and thus may not be representative of true values. We therefore focus on the z ≤ 0.092 sub-sample here. For central galaxies, the best model consists of M h and M * , irrespective of the local density definition (Σ 5 or Σ 3 ). As for satellite galaxies, LR prefers a model consisting of M * and local density (either of Σ 5 and Σ 3 ). The resulting z-and p-values, together with the best-fit β parameter, of these models are shown in Table 2 (for completeness, we present results for both the main sample and the z ≤ 0.092 sub-sample). These findings are consistent with the qualitative trends revealed by the RAF plots (Figures 2-5) .
For the z ≤ 0.15 sample, we see from Table 2 that the β values associated with M h are significantly different for the centrals and satellites. The same also applies to that associated with M * . Therefore we can conclude that the distribution of RAF for centrals and satellites in the M h vs. M * plane must be different.
The importance of interaction in triggering radio activity has been noted in a few studies (e.g., Sabater et al. 2013; Pace & Salim 2014) . Our distinction of central and satellite galaxies has enabled us to attribute this environmental factor (and the implied enhancement of tidal interactions) particularly to radio AGN phenomenon in satellites. Using a sample of galaxies in spectroscopically confirmed pairs, Ellison et al. (2015) show that once halo mass and stellar age of galaxies are controlled, major mergers do not enhance the (lowexcitation) radio activity, and thus make the conjecture that minor mergers or/and accretion from the surrounding medium could be possible external gas fueling mechanisms (see also Karouzos et al. 2014) . Given that the majority of our satellite RGs live in cluster-scale halos (75% are in halos with M h ≥ 10 14 M ), and that the high velocity dispersion in clusters makes both merger rates and gas accretion rates low for satellites, however, it seems that tidal interactions are the most probable channel for bringing external gas into nuclear regions of satellites.
Although it is possible that enhanced interaction among galaxies in dense regions may partly contribute to the triggering of radio activity in satellite galaxies, we note that the majority (∼ 85%) of RGs are central galaxies, and that the range of the local density of central galaxies is similar to that of satellites, therefore in massive halos there must be other, presumably major, environmental factors that promote nuclear radio activity -the most obvious contender omitted in our analysis so far is the hot diffuse ICM. In the next Section we thus explore in detail the dependences of radio activity on local ICM properties.
LOCAL ICM PROPERTIES
To investigate the effect of the ICM on triggering of the radio activity, we make use of the X-ray measurements in the ACCEPT (Archive of Chandra Cluster Entropy Profile Tables) database (Cavagnolo et al. 2009 ), which is an attempt to homogeneously analyze Chandra observations of about 230 galaxy clusters. For each cluster, the database provides, as a function of distance from the cluster center, electron density n e , pressure p, temperature T X , entropy (defined as K ≡ T X n −2/3 e ), cooling time t c , and enclosed gravitational mass, from which we infer the free-fall time t ff = 2r 3 /GM(< r). In addition, the database also provides the location of the Xray emission peak (which we take as the cluster center), and the global mean X-ray temperature T . By assuming azimuthal symmetry, we thus know the local ICM properties of every member galaxy given its distance from the cluster center.
In the redshift range z = 0.03 − 0.32, there are 54 ACCEPT clusters within the final SDSS imaging footprint (i.e., DR8) with ICM measurements that allow for a robust determination of t ff 6 , which will be referred to as the ACCEPT-SDSS subsample. We can thus use the SDSS (imaging and spectroscopic) data to identify cluster members and study the correlations between the radio activity and the local ICM properties. We have visually inspected these clusters to identify the BCGs. As for the member galaxies, depending on the redshifts of the clusters, the treatments are somewhat different. For clusters at z ≥ 0.1, we make use of the membership probability P mem as given by the redMaPPer algorithm (Rykoff et al. 2014 , note that all ACCEPT-SDSS clusters have a counterpart in the redMaPPer cluster sample). We regard a galaxy to be a potential cluster member if its P mem ≥ 0.8. As the redMaPPer cluster sample is incomplete below z = 0.1, for the ACCEPT-SDSS clusters at z < 0.1, we make use of the spectroscopic redshifts and galaxy color to identify members. Specifically, we regard as members those galaxies within 3000 km/s from the cluster restframe, or those with a restframe g − r color consistent with the red sequence and are within a projected distance of 1.2 Mpc from the cluster center. We only consider galaxies more luminous than M 0.1 r = −21.27, which is about the characteristic magnitude of the galaxy luminosity function (Blanton et al. 2003) . Absolute magnitudes, restframe colors, and stellar masses are again calculated using kcorrect. Our results below do not depend sensitively on our choice of parameters for selecting cluster members. Finally, we remove a few extreme outliers with nonsensical measurements in physical properties such as stellar mass, pressure, etc.
We have run our RG finding algorithm on the ACCEPT-SDSS clusters, with a flux limit of 1 mJy that is suitable for FIRST, and have visually inspected all potential optical-radio matches to finalize our cluster RG sample (see Table A2 ). As radio AGN are predominantly hosted by red galaxies (for example, about 86% of the RGs with log P 1.4 ≤ 25.5 in the L10 sample lie on the red sequence; see also Janssen et al. 2012) , our reliance on the redMaPPer membership assignment, which only considers red galaxies, should not bias ourselves against RGs. In total, there are 509 satellite galaxies that lie within the coverage of Chandra observations, out of which 24 have radio power log P 1.4 ≥ 23.5, a limit chosen to ensure our sample is volume limited. Of the 54 BCGs, 16 are RGs. This fraction is consistent with that found by Lin & Mohr (2007) .
Among the available physical properties associated with each galaxy, we consider a total of six parameters here: cluster mass (using the global mean X-ray temperature as a proxy), stellar mass, ICM pressure, entropy, cooling time t c , and the ratio of cooling time over free-fall time, t c /t ff . One physical attribute unfortunately omitted here is the local galaxy density, as we do not possess sufficient number of spectroscopic redshifts for the ACCEPT clusters. Given the small size of the ACCEPT-SDSS RG sample, and that many of the ICMrelated parameters are highly correlated, we are not able to perform the best subset selection to pick up the most important predictors, as has been done in Section 2.2, because in the present case any potential statistical fluctuations could change the rank of BIC values among different models. Instead, our strategy is to first reduce the dimensionality of the parameter space by the application of the the principle component analysis (PCA) among the six parameters, and investigate the effects of the first few dominant principle components (PCs) on the nuclear radio activity. We further strengthen the find-ings with the LR analysis. Below we first present results for the BCGs, then show those for the satellites.
BCGs
In finding out the PCs , it is necessary to scale each of our physical parameters P to Q ≡ P−P σP , whereP and σ P are the mean and the standard deviation of the parameter. Such a normalization ensures that the derived PCs are not dominated by a single variable that has the largest standard deviation over the parameter space.
For BCGs, the PCA indicates that only three PCs are needed to explain up to 90% of variance across the six dimensional parameter space. As shown in Table 3 , the first PC (hereafter PC1) accounts for ∼ 48% of the variance, with its effect mostly on the variation of entropy, pressure and t c . More specifically, we have 
where a tilde denotes a quantity in logarithm. A higher entropy, lower pressure, and larger t c lead to a larger PC1, as revealed in the top row of Fig. 6 . The second PC (PC2) largely depends on the global temperature T and stellar mass, as shown in the middle row of Fig. 6 ; the third PC (PC3) is mainly driven by t c /t ff (see the bottom row of Fig. 6 ). We can further examine the effects of the PCs on the radio activity of BCGs. Fig. 7 shows the probability density function (pdf) of each PC for radio-loud (red solid histograms) and radio-quiescent (blue dash histograms) BCGs. The p-values obtained from a Kolmogorov-Smirnov (KS) test comparing the two distributions are also shown in each panel. It is clear that PC1 has the strongest effect, implying that an environment with low entropy, high pressure, and short cooling time is favorable for triggering the nuclear radio activities. For the distribution of PC2 and PC3, the large p-value reveals that there is no significant difference between RGs and normal galaxies. But here we note that, the relatively weak effect of PC2 on the BCG radio activity may be due to the limited mass range our clusters span. As we have seen from Section 2, both stellar mass and halo mass (basically the PC2 here) are related to the RAF of BCGs.
We have also performed the LR analysis on the ACCEPT-SDSS BCGs. Given the small sample size, here we only consider the one-predictor LR model [i.e. the case when X in Eq. (1) is a scalar] for each of the regressors, and tabulate the resulting z-and p-values in Table 4 . The results largely agree with that given by the PCA, that is, entropy, pressure, and cooling time all show stronger effects on the RG activity than other covariates. There is some hint of cooling time and entropy being more important than the pressure.
Admittedly a sample size of only 54 limits the statistical significance of our inference on the predicting power of physical properties on the radio activity. For BCGs, we could increase the sample size by loosening the requirement that the clusters should lie within the SDSS footprint; rather, we only need to be able to identify the BCGs robustly, and to be able to measure the radio properties of the BCGs. To this end, we expand our cluster sample to include all ACCEPT clusters lying at declination δ > −40 deg and at z < 0.2, and use Widefield Infrared Survey Explorer (WISE; Wright et al. 2010) and Two-Micron All-Sky Survey (2MASS; Skrutskie et al. 2006) data to identify the BCGs, for clusters lying outside of the SDSS footprint. The WISE channel 1 luminosity is used as a proxy of stellar mass (e.g., Lin et al. 2013) . Data from NVSS is used to select radio-loud BCGs and measure their fluxes. For the 105 central galaxies in this ACCEPT-WISE sample, both the PCA and LR results are largely similar to that of ACCEPT-SDSS BCGs. Our conclusions are therefore robust against the limited sample size.
Satellites
The PCA results for satellites in the ACCEPT-SDSS sample are summarized in Table 5 . As is the case for the BCGs, the first three PCs capture ∼ 90% of variance over the six dimensional parameter space. However, there are slight differences in the physical information as revealed by the PCs of satellites. As shown in Fig. 8 , besides entropy, pressure, and cooling time, the PC1 of satellites has larger contribution from t cool /t ff compared with that of BCGs. The PC2 of satellites shows mainly the effect of T , and PC3 is totally dominated by stellar mass. It is seen that the effect of stellar mass is quite decoupled from other (extrinsic) properties considered. Fig. 9 show the pdf of PCs for radio-loud (red solid histograms) and radio-quiescent (blue dash histograms) satellites. It is apparent that the radio-loud and radio-quiescent satellites show different distributions in PC1 and PC3 (with very low p values), with active satellites showing preference to lower PC1 (low entropy, cooling time, and t cool /t ff , and high pressure) and higher PC3 (higher stellar mass) values. This is consistent with the findings in Section 2.
In Table 6 we summarize the significance for each of the parameters via the LR analysis for the satellites. We see that stellar mass is the most powerful predictor for RG activity, although cooling time, entropy, and pressure all play important roles. It should be kept in mind that the number of RGs used in our satellite analysis is rather small ( 5% of the satellites are radio-loud); a larger cluster sample will be needed to firmly establish these conclusions.
SUMMARY AND DISCUSSION
We have outlined an analysis framework that combines a group and cluster sample that spans a wide range in halo mass, and a cluster sample that offers detailed ICM measurement. Together with standard statistical analysis tools, the joint samples allow us to investigate the likely sources of nuclear activity in massive galaxies, making it possible to sort out the relative contributions from halo mass, stellar mass, and other physical properties such as local galaxy density, ICM entropy, cooling time.
In the first part of our analysis (Section 2), we have used a large sample of galactic systems to show that, for triggering the radio activity, stellar mass is an important factor, irrespective of the type of galaxies (central v.s. satellite). The central galaxy RAF additionally strongly depends on the mass of their host dark matter halo (such dependence is also present for the satellites but is weaker). As we do not find convincing evidence linking the elevated RAF in massive halos to the higher galaxy density therein (which in turn should correlate with the interaction rates) for central galaxies, the most likely culprit is the presence of hot gas in massive halos. Thus in the second part of our analysis (Section 3), using a cluster sample . The probability density distribution of PC1, PC2, and PC3 for radio-loud (red) and radio-quiescent (blue) BCGs. The p-values obtained from a KS test comparing the two distributions are also shown in each panel. For PC1, the low p value indicates that the two distributions are highly inconsistent with each other.
that provides spatially resolved measurements of ICM properties, we seek for the best predictor of radio activity among internal and environmental factors that could play a role in the evolution of a galaxy. According to our results, entropy, cooling time, and pressure play important roles in the triggering of radio activity in galaxies residing in massive halos. As two of these properties are intimately linked to gas cooling out of the hot ICM, a picture that emerges from our study is the following: whether or not a galaxy is a central, the more massive it is, the more likely it will be active in the radio. The likely source of fuel for the SMBH is from stellar mass loss from evolved stars (e.g., AGB stars). If the galaxy happens to be central in a massive halo where appreciable amount of ICM is present, then an extra fuel supply, likely gas cooling out of the hot ICM, could trigger more radio activity. Confining pressure of the ICM further provides a "working surface" for the jets.
Although this picture is certainly not new (e.g., Ciotti & Figure 9 . The probability density distribution of PC1, PC2, and PC3 for radio-loud (red) and radio-quiescent (blue) satellites. The p-values obtained from a KS test comparing the two distributions are also shown in each panel. For PC3, the low p value indicates that the two distributions are highly inconsistent with each other. Best et al. 2005a; Ho 2008; Heckman & Best 2014 ), our analysis framework provides a (nearly) selfcontained way to demonstrate it. Furthermore, we do not find the ratio t c /t ff to be a critical parameter for the radio activity (particularly for BCGs), which seems to be at odds to the predictions from the precipitation model advocated by Voit et al. (2015) . For our analysis, there are several aspects that can be improved or extended. For example, for the ACCEPT cluster sample, we do not have a good handle on the local galaxy density. We could have used clustercentric distance as a very crude proxy for the local density, which is obviously too simplistic. Either spectroscopic data from surveys such as GAMA (Galaxy And Mass Assembly; Driver et al. 2011) , or good photometric redshifts with adequate background correction methods, or both, are needed to estimate the local density in a statistical fashion. With a larger cluster sample, such as that from ACCEPT2, one could also consider high and low excitation radio galaxies separately, and gain more insight into the potentially different triggering mechanisms for these two types of AGN (e.g., Hardcastle et al. 2007 ). In addition, applying our approach to dense spectroscopic surveys (e.g., GAMA), we could also study the triggering of AGNs selected by (optical) emission lines (e.g., Kauffmann et al. 2003; Sabater et al. 2015) . Finally, by combining data from surveys such as GAMA (or other dense-sampling spectroscopic ald et al. 2013, 2017) , we expect the RAF of BCGs to remain similar over cosmic time. On the other hand, both the galactic interaction rates and the cold gas content in galaxies are expected to increase towards high-z, implying an elevated RAF among satellites. It would thus be exciting to examine the triggering of radio AGN at different cosmic epochs (e.g., Williams & Röttgering 2015; Lin et al. 2017) . One important omission in the current study is the spin of the SMBH. Given the difficulty of estimating the magnitude of spin, it does not seem feasible to incorporate it in statistical analyses like ours, however. Its relevance compared to stellar mass, or extrinsic properties such as entropy and cooling time, has to be assessed with more focused studies (e.g., Schulze et al. 2017) , and is beyond the scope of the current paper.
Here we present the radio galaxy samples used in this work. Table A1 is the parent sample for the RGs used in Section 2, which is obtained by combining the L10 RG catalog and the part of the Best & Heckman (2012) catalog in the area unique to SDSS DR7 (with respect to DR6). The sample is complete to M 0.1 r ≤ −21.27, with radio flux f ≥ 3 mJy and at z ≤ 0.3. In Table A1 we list the coordinates, redshift, 1.4 GHz flux and radio luminosity (assuming a spectral index of −0.8), restframe magnitude in r 0.1 band, stellar mass, indication of whether the source is powered by an AGN, a selection flag, and the origin of the source (L10 or Best & Heckman 2012, B12) . Choosing sources with the selection flag with value of 1 allows one to obtain the z ≤ 0.15 RG sample used in Section 2 (further restricting the redshift to z ≤ 0.092 gives the z ≤ 0.092 sub-sample).
We list in Table A2 the galaxies used in the analysis in Section 3, providing the coordinates, cluster redshift, clustercentric distance, stellar mass, a flag indicating whether the galaxy is the BCG, radio luminosity (a value of −1 indicates luminosity below our threshold of P th = 23.5), mean temperature of the cluster, local entropy, local pressure, local cooling time, the ratio of local cooling time to free-fall time, and the name of the host cluster. 
